So far, existing studies have not examined modulations in sensory cortex, so it is 115 unclear whether choice-related reductions in neural activity in post-sensory areas 116 are inherited from earlier biases in sensory processing. Moreover, previous 117 studies did not isolate the effects of having more choices from concomitant 118 changes in the number of sensory inputs, the distribution of attention, and overall 119 task difficulty. Controlling these additional factors is critical for several reasons.
120
First, increasing the number of sensory inputs can increase neural inhibition via 121 divisive normalization which may then reduce overall neural activity during 122 sensory processing and decision-making. Importantly, divisive normalization has 123 been shown to occur even in passive viewing tasks as well as behavioral tasks 124 where visual stimuli were not relevant to current decision-making goals (Heeger, 125 1992; Carandini and Heeger, 2012; Louie et al., 2013; . 126
Therefore, previous results might be driven largely by sensory rather than choice-127 related modulations. Second, divided attention and increased task difficulty are 128 known to drive effects in parietal and frontal cortex that resemble the modulations 129 attributed to increases in the number of choices. For example, dividing attention 130 leads to reduced accuracy and longer RTs, and is associated with attenuated 131 sensory responses and reduced decision-related neural activity in sensorimotor 132
areas (Mangun and Hillyard, 1987 , 1988 , Palmer, 1994 Here, we isolated the effects of having more choices on both sensory and later 139 decision-related processes by independently manipulating the number of choices 140 and the distribution of attention while equating task difficulty across conditions 141 (Figure 1 ). Early sensory processing was indexed using the amplitude of 142
SSVEPs following previous studies (Muller et Imin for all pedestal contrast levels to match the mean luminance of the 215 background. The target stimulus, contained a contrast increment in one of the 216 segments that formed that stimulus. The contrast increment appeared for the 217 entire stimulus duration of 1500ms. In addition, three of the four stimuli were non-218 target stimuli. For each non-target stimulus, all of its segments had the same 219 contrast value, independently and randomly drawn from one of the six values 220 (0%, 3.75%, 7.5%, 15%, 30%, and 60% Michelson contrasts).
222
We used a full range of pedestal contrast levels for the following reasons. First, a 223 full range of contrasts was needed to measure stimulus-evoked responses (i.e., 224
SSVEPs) as a function of stimulus contrast, yielding contrast-response functions 225 (CRFs). Moreover, in the divided attention condition, subjects did not have any 226 knowledge about which of the four stimuli in the display contained the target 227 stimulus. Their task was to attend to all four of the visual stimuli and then to 228 discriminate which stimulus segment at the target location contained a slight 229 contrast increment. In our current design, the pedestal contrast values of the 230 target and non-target stimuli were randomly drawn from a full range of contrast 231 values, so subjects had to use top-down attention to monitor all stimuli to find the 232 target stimulus. However, if we had used only one pedestal contrast level for all 233 stimuli, subjects could have simply used a bottom-up attentional capture strategy 234 to detect a contrast increment of the target that would be more salient than all 235 other stimuli rendered at the same pedestal contrast. Randomizing the pedestal 236 contrasts of all visual stimuli thus prevented subjects from using this bottom-up 237 attentional strategy. 238 239
In the 2AFC task, subjects reported whether the foveal or the peripheral segment 240 had the contrast increment (Figure 1a ; bottom). In the 4AFC task, a target 241 stimulus was segmented into four parts (the most foveal, foveal, peripheral, the 242 most peripheral) and subjects reported which of the four parts contained a 243 contrast increment (Figure 1b ; bottom). In the 2AFC task, half of the subjects 244 used the right index and pinky fingers for the foveal and peripheral targets, 245
respectively. The other half used right middle and ring fingers for the foveal and 246 peripheral targets, respectively. In the 4AFC task, all subjects used right index, 247 middle, ring, and pinky fingers for the most foveal, foveal, peripheral, the most 248 peripheral targets, respectively. 300ms after the stimulus offset, placeholders on 249 both sides of the target segment that contained a contrast increment changed 250 from black to blue, red, or yellow, informing subjects if their response was 251 correct, incorrect, or too slow (slower than 1500ms after stimulus onset). The 252 feedback period was then followed by a 300-500ms inter-trial interval. Any 253 jittered time variables were drawn from the uniform distributions. To 254 simultaneously monitor SSVEPs evoked by individual stimuli, the visual stimuli 255 on the upper left, upper right, lower left, lower right quadrants were flickered on-256 off at 30Hz, 17.1Hz, 20Hz, and 24Hz, respectively. 257 258
On the first day, subjects participated in a 2.5-h behavioral training session 259 where the method of constant stimuli was used to estimate contrast 260 discrimination thresholds (or contrast increments required to maintain an 261 accuracy level of ~76%) for each AFC task, each attention condition, and each 262 pedestal contrast level. These thresholds were used on the first day of EEG 263 recording. On each of the 4 days of the EEG experiment, subjects underwent 264 three sessions of the 2AFC task, and three sessions of the 4AFC task (with task 265 order counterbalanced across subjects). Each experimental session contained 266 192 trials, which were broken up into 3 blocks, where all experimental conditions 267 were counterbalanced: for the 2AFC task, 2 attention conditions × 4 target 268 locations × 6 pedestal contrast levels of target x 2 increment locations x 2 269 repetitions; for the 4AFC task, 2 attention conditions × 4 target locations × 6 270 pedestal contrast levels of target x 4 increment locations. Trial order was pseudo-271 randomized. The contrast threshold (Δc) for each attention condition and each 272 target pedestal contrast was adjusted after each experimental session (every 3 273 blocks) so that accuracy was maintained at ~76% across all experimental 274 conditions. Across four days of EEG recording, each subject performed 36 blocks 275 of the 2AFC task and 36 blocks of the 4 AFC task (4608 trials in total). 276
Behavioral control experiment 278
In the main EEG experiment, the entire area of each wedge checkerboard 279 stimulus was identical across the 2AFC and 4AFC tasks. Thus, the resolution of 280 the contrast-increment segment stimulus in the 2AFC task (termed low-spatial-281 resolution 2AFC) was unavoidably lower than that in the 4AFC task (termed high-282 spatial-resolution 4AFC). Note that we did this because we wanted to carefully 283 control for the spatial extent of overall sensory inputs. To ensure that any 284 behavioral difference across the 2AFC and 4AFC tasks in the main EEG 285 experiment was due to the difference in the number of choices rather than the 286 difference in spatial resolution of the target stimulus, we conducted an additional 287 behavioral control experiment. In this experiment, there were three main 288 experimental conditions. These included low-spatial-resolution 2AFC (same as 289 2AFC in the main EEG experiment), high-spatial-resolution 4AFC (same as 290 4AFC in the main EEG experiment), and the high-spatial-resolution 2AFC (a new 291 condition). In the high-spatial-resolution 2AFC condition, the spatial resolution of 292 the contrast-increment segment was the same as the high-spatial-resolution 293 4AFC condition, but subjects had 2 choices instead of 4 choices. However, at the 294 beginning of each high-spatial-resolution 2AFC block, subjects were informed 295 that the increment contrast could appear only at one of the two foveal segments 296
(foveal high-spatial-resolution 2AFC) or one of the two peripheral segments 297
(peripheral high-spatial-resolution 2AFC). Task timing was identical to that in the 298 main EEG experiment. The pedestal contrasts of these four stimuli in all 299 attention, choice, and target resolution conditions were independently and 300 pseudo-randomly drawn from 3 contrast levels: 5, 20, and 60% Michelson 301
contrasts. Here, we used 3 instead of 6 contrast levels to keep the experimental 302 protocol approximately the same length given that the number of experimental 303 manipulations (not including the contrast manipulation) in the behavioral control 304 experiment was higher than that in the main EEG experiment. Subjects 305 completed 3 days of this experiment. Each day contained 2 sessions of low-306 spatial-resolution 2AFC, 2 sessions of high-spatial-resolution 4AFC, 2 sessions 307 of foveal high-spatial-resolution 2AFC, and 2 sessions of peripheral high-spatial-308 resolution 2AFC. Each session had 3 blocks and contrast thresholds were 309 adjusted every 3 blocks to maintain accuracy at ~76%. In this equation, Gr is a multiplicative response gain factor that controls the 343 vertical shift of the CRF, Gc is a contrast gain factor that controls the horizontal 344 shift of the CRF, b is the response baseline offset and q is the exponent that 345 controls the speed at which the CRF rises and reaches asymptote. With the 346 combination of the d-prime and Naka-Rushton equations (Equations 1-2), the 347 contrast threshold (Δc) can be estimated based on the first derivative (i.e., slope) 348 of the hypothetical CRF (Boynton et al., 1999) :
Here, dR/dc is the derivative of the underlying CRF. In the 2AFC task, ΔR and σ
353
were set to 1 to keep d' at 1 (~76% accuracy for 2AFC = ~1), which was possible 354 because Gr, ΔR, and σ are codependent (i.e., they jointly control the vertical shift
355
of the TvC function). Since ~76% accuracy for 4AFC corresponds to a d' of 356 ~1.72, ΔR was set to 1.72 (Stanislaw and Todorov, 1999 for q (i.e., 1, 2, 3, 4, and 5). We then selected the best fit for each experimental 364 condition. In addition, the fitting procedure was constrained so that 0% < Gc < 365 100% contrast. 366 367
Behavioral control experiment 368
Repeated-measures ANOVAs were employed to examine the effects of attention 369 and the number of choices on contrast thresholds, RTs on correct trials, and RTs 370 on incorrect trials. Post-hoc paired t-tests were then used to compare the data 371 between the low-spatial-resolution 2AFC and the high-spatial-resolution 4AFC 372
conditions, between the high-spatial-resolution 2AFC and high-spatial-resolution 373 4AFC conditions, and between the low-spatial-resolution 2AFC and high-spatial-374 resolution 2AFC conditions (2-tailed Overall accuracy across attention conditions (focused/divided attention) and 542 choice tasks (2AFC/4AFC) was successfully equated at ~76% (Figure 3a ). 543 Accordingly, there was no main effect on hit rates of attention (F(1, 19) = 1.63, p 544 = 0.2170) or the number of choices (F(1, 19) = 0.11, p = 0.7488). Given that 545 accuracy was fixed across conditions, we focused on the impact of attention and 546 the number of choices on the contrast thresholds that were required to equate 547 accuracy in each condition (Figure 3b) Figure 3d ).
554
This suggests that sensory responses increase as a function of stimulus contrast 555 in a sublinear (sigmoid-like) fashion (see the observed SSVEP-based CRF data 556 in Figure 7a ). Importantly, we found that contrast thresholds were higher in the 557 divided compared to the focused attention condition, consistent with previous 558 studies (F(1, 19) Behavioral control experiment 574
Note that in the main experiment we controlled the total area of the stimulus in 575 each quadrant across the different choice tasks. However, the spatial resolution 576 of the target in the 2AFC task was inevitably lower than that in the 4AFC task 577 (Figures 1a-b; bottom) . Therefore, we conducted a behavioral control experiment 578 to ensure that the observed differences in performance between the 2AFC and 579 4AFC conditions in the main task were not due to changes in the spatial 580 resolution of the target. A separate set of 10 human subjects performed the main 581 2AFC and 4AFC tasks plus an additional 2AFC task in which the spatial 582 resolution of the target matched the 4AFC task (i.e., high-spatial-resolution 583 2AFC). Replicating the main results reported above, contrast thresholds, correct 584
RTs, and incorrect RTs were significantly higher in the 4AFC block compared to 585 the 2AFC block (Figure 4 ; t(9)'s = 6.26, 3.04, and 6.81, for contrast thresholds, 586 correct RTs, and incorrect RTs, respectively; all p's < 0.001). Importantly, these 587 results held true even when the spatial resolution of the target in the 4AFC and 588 the 2AFC tasks were matched (high-spatial-resolution 2AFC vs. high-spatial-589 resolution 4AFC: t(9)'s = 6.26, 3.04, and 6.81 with p's < 0.001, = 0.014, < 0.001 590 for contrast thresholds, correct RTs, and incorrect RTs, respectively). 591
Importantly, we found no difference in contrast thresholds (t(9) = 0.2829, p = 592 0.7836), correct RTs (t(9) = 1.66, p = 0.1311), or incorrect RTs (t(9) = 0.412, p = 593 0.6849) between the low-resolution and the high-resolution versions of the 2AFC 594 task. This control experiment suggests that a change in the spatial resolution of 595 the targets across the 2AFC and 4AFC conditions was not a major contributor to 596 the observed pattern of behavioral modulations in the main task. 597 598
SSVEP results

599
SSVEPs evoked by high contrast stimuli were narrowly tuned to all four 600 stimulation frequencies and they peaked over contralateral occipital electrodes 601 (Figures 5 and 6 ). As expected, the amplitude of the SSVEPs differ substantially 602 across different stimulus frequencies (Kim et al., 2011) so we rescaled the 603 SSVEP data for each stimulus frequency using the unity-based normalization 604 method (see Materials and Methods; Aksoy and Haralick, 2001 ). Then, we 605 collapsed the data across all stimulus frequencies. Next, we plotted the 606 normalized SSVEPs (averaged over 0-800ms post-stimulus) from the 607 contralateral occipital electrodes of interest to generate CRFs for individual 608 attention and choice conditions (Figure 7a ). Since the time of mean RTs were at 609 about 800-900ms, we chose an analysis window of 0-800ms to minimize 610 confounds from post-decision data. Then, we fit each subject's CRFs with a 611 Naka-Rushton equation (Equation 2). This yielded two key parameters of 612 interest: Rmax, which is the response at 100% contrast minus the baseline offset 613 of the CRF (Figure 7b ; top), and the C50, which shifts the CRF horizontally 614 (Figure 7b; bottom) . Overall, the CRF data were well explained by the Naka-615
Rushton Equation (see curve fits and R 2 values in Figure 7a ). . In addition, due to the robust response gain changes with attention (i.e., 623 Rmax), C50 also increased in the focused compared to the divided and ignored 624 conditions (i.e., contrast gain decreased, or the midpoint where the CRF reaches 625 half of its maximal point shifted to the right, F(2, 38) = 10.87, p < 0.001).
626
Interestingly, even though we observed significant differences in behavioral 627 performance across the 2AFC and 4AFC tasks (Figure 3 whereas decision-making in real life involves more complex stimuli (e.g.., 808 selecting a meal from the menu or buying a shirt from the department store). 809
Here, we argue that perceptual decision-making is a good, albeit simplified, 810 model for many other general decision-making processes because in almost all 811 types of decision-making one has to ponder some form of sensory evidence and 812 use that evidence to make a decision. For example, while selecting a meal from 813 the menu, one could sit at the restaurant for an hour pondering how the 814 combined sensory experience of all the ingredients will taste before deciding 815 what to eat. This will likely yield a reasonable decision and hopefully an 816 enjoyable meal. However, one could also just base their decision on the 817 anticipated flavor of the first ingredient and not ponder how all the sensory 818 experiences induced by different ingredients will interact. In this case, the 819 decision will be fast but far more likely to end in an unpleasant experience. That 820 said, there is no doubt that our paradigm is a simplified model for these more 821 complex scenarios and future experiments with more real-world stimuli will be 822 needed to augment the present results. 823
Overall our results suggest that previously reported reductions in neural activity 825 and in accumulation rates in frontal and parietal cortex may be a result of 826 increases in the distribution of attention and changes in task difficulty. 827
Importantly, when these factors were controlled, increasing the number of 828 choices selectively modulates decision-related responses over frontal cortex and 829 does not modulate sensory responses over occipital cortex. Together, this 830 pattern suggests that having more choices changes the way human observers 831 weight otherwise stable sensory evidence and this leads to elevated decision 832 thresholds and slower decision-making. 833 834
